In recent years, paper-based electronics have garnered significant attention due to the potential to produce flexible, thin, low-cost, portable, and environmentally-friendly products including antennae[@b1], touch pads[@b2], microfluidic devices[@b3], displays[@b4], sound sources[@b5], printed circuit boards[@b6], and sensors[@b7][@b8]. Unlike traditional substrates such as silicon, glass, and/or plastic, paper fibers offer a naturally porous environment which provides an increased deposition area and allows the formation of composites using materials deposited within the cellulose fibers[@b9]. Thus, devices that can benefit from large contact surfaces such as energy storage devices[@b10][@b11][@b12][@b13][@b14], solar cells[@b15], and ultraviolet (UV) sensors[@b16] have been developed to utilize these advantages.

In most of these paper-based devices, writing inks made of expensive materials such as carbon nanotubes and metal nanoparticles are typically used through extensive processing techniques. These drawing materials are often dispersed in liquids and deposit traces on papers after solvent evaporation. On the other hand, a pencil, an everyday commodity, can easily make graphite depositions on various substrates by dry drawing ([Figure 1a](#f1){ref-type="fig"}). The main component of the pencil lead is fine graphite powders bound together by clays. [Figure 1c](#f1){ref-type="fig"} is a photo showing cross-sectional view of pencil lead. When observed under scanning electron microscope (SEM, [Figure 1d](#f1){ref-type="fig"}), graphite platelets can be clearly seen. The platelets appear wavy due to the compression they experienced during manufacturing. When pencil traces are drawn on paper, friction between the pencil lead and the paper rubs off graphite particles which in turn adhere to the paper fibers. Thus pencils can be viewed as an easily deployable form of ultrafine graphite particles. Also, pencil traces can be regarded as conductive thin films made of percolated graphite particle network on paper (SEM, [Figure 1b](#f1){ref-type="fig"}), which can take on arbitrary shapes and patterns. Pencil traces are quite stable against moisture, chemicals and UV irradiation. Although carbon-based materials have been extensively explored for the aforementioned printed device applications[@b17][@b18][@b19][@b20], interests in pencil-base approaches has just begun to emerge[@b21][@b22][@b23][@b24]. Pencil traces have been mainly used as passive conductive elements in many devices, such as electrode contacts for batteries[@b22], UV sensors[@b25], microfluidic devices[@b26], resistors[@b24] and transistors[@b23]. In one recent study, Ren *et al.* demonstrated that pencil traces can be incorporated as the active components in piezoresistive sensors[@b21]. They showed that instead of using carbon ink formulated in a laboratory, a commercially available pencil can be used to draw patterns on paper, which then can be connected to an external measurement system through metallic electrodes to construct piezoresistive sensors. Here, we demonstrate that pencil traces can function not only as strain gauges to detect compressive and tensile deflections, but also as chemiresistors sensitive to volatile chemical vapors. Moreover, complete devices can be fabricated without the need for metallic electrodes using only pencil traces drawn from a single type of pencil or a combination of different types of pencils in an all-pencil fabrication process. The pencil-on-paper approach offers a unique method to developing sensing platforms where devices can be fabricated in minutes using nothing more than common office supplies.

Results and Discussion
======================

Standard pencil leads are composed of fine graphite particles held together by clay binders. Based on the hardness of these leads, pencils are classified on a scale from 9B to 9H. The difference in color arises from the different relative fractions of graphite between harder and softer pencil leads. The energy dispersive X-ray spectra (EDS) in [Figure 2a](#f2){ref-type="fig"} were acquired on the cross-section of six different pencil leads. The intensities of the spectra were normalized based on the carbon peak to highlight the relative fractions of carbon to the clay binder, which is mainly composed of O, Mg, Al and Si. The normalized spectra confirm that harder pencil leads contain a higher proportion of clay binders while softer leads contain a higher proportion of graphite particles. The higher carbon content in the softer leads results in darker traces on paper. [Figure 2b--g](#f2){ref-type="fig"} show optical images of pencil traces drawn on a piece of printing paper, corresponding to six different hardness classes. Under similar writing conditions, the hardest 9H lead produces the lightest-colored trace while the softest 9B lead produces the darkest one. The electrical conductivity of a pencil trace depends on the quality of the contact between graphite particles in the percolating network. Expansion and contraction of this network, induced by either mechanical stress or chemical interactions, should greatly affect the quality of inter-particle contacts and thus the overall electrical conductivity. Below we show that conductivity of pencil traces indeed respond to external mechanical and chemical stimuli, making them suitable as strain gauges and chemiresistors.

Pencil trace based strain gauges
--------------------------------

To test the pencil trace strain gauge, we drew a U-shaped cantilever pattern connected to two solid rectangles on a piece of office paper using a studio pencil (Blick®). As shown in [Figure 3a](#f3){ref-type="fig"}, the U part is used as the active sensing beam while the two rectangles are used as contact electrodes. The cantilever is cut out by using scissors. As shown in [Figure 3b](#f3){ref-type="fig"}, inward and outward deflections of the beam should have different effects on the resistance of the pencil trace. Inward deflection ([Figure 3c](#f3){ref-type="fig"}) effectively compresses the graphite particle network in the two parallel segments of the U-shaped trace, and should lower the resistance. Outward deflection ([Figure 3d](#f3){ref-type="fig"}) should increase the resistance as it stretches the trace. Therefore, the two types of deflections are named compressive and tensile deflections, respectively. Bending tests were done in the geometry similar to [Figure 3c--d](#f3){ref-type="fig"} by vertically pressing or lifting the tip of the cantilever. The degree of deflection was quantified by measuring the vertical displacement of the tip. The rectangular contact patterns were fixed on a glass slide so that the deflection only bends the beam. Changes of electrical resistance along the U-shaped trace were monitored using a Keithley 2400 source meter connected to the electrodes by toothless alligator clips.

The base resistances of the unstrained devices drawn by 9B, 6B, 2B, and HB pencils were measured to be 200 kΩ, 500 kΩ, 2 MΩ, and 20 MΩ, respectively. As expected, the softer pencil leads with higher graphite content exhibited lower resistances. The base resistances of traces drawn with 2H and harder pencils were too high to be measured. These four devices were then tested under repeated deflections. Absolute resistances of different devices, R, were normalized by the base resistance of each device, R~0~, and the percent change in resistance, ΔR/R~0~, was plotted for each device. Under tensile deflection (i.e., outward bending), graphite particles were pulled further apart, disconnecting the conduction pathways, which resulted in higher resistances ([Figure 4a](#f4){ref-type="fig"}). The solid lines represent linear fits to the tensile resistance change-deflection data with equations: *y* = 0.099*x* (R^2^ = 0.991) for the 9B device; *y* = 0.28*x* (R^2^ = 0.991) for the 6B device; *y* = 0.48*x* (R^2^ = 0.991) for the 2B device, and *y* = 0.70*x* (R^2^ = 0.992) for the HB device. Conversely, under compressive deflection, the graphite particles in the trace were pushed closer together, facilitating conduction through the percolating network. This indeed decreased the measured resistances ([Figure 4b](#f4){ref-type="fig"}). The solid lines represent linear fits to the compressive resistance change-deflection data with equations: *y* = −0.22*x* (R^2^ = 0.989) for the 9B device; *y* = −0.34*x* (R^2^ = 0.997) for the 6B device; *y* = −0.38*x* (R^2^ = 0.991) for the 2B device; and *y* = −0.55*x* (R^2^ = 0.986) for the HB device. Within the measured range of deflections, the mean resistance changes were linearly correlated to the mean magnitudes of deflection within around 1% deviations.

For both compressive and tensile deformation, traces drawn with harder pencils exhibited greater responses, as shown by the steeper slopes of the resistance change-deflection curves in [Figure 4a and 4b](#f4){ref-type="fig"}. This indicates that the volume fractions of conductive carbon particles in traces drawn by the harder pencil leads are closer to the percolation threshold than those of softer pencil traces, thus leading to more pronounced "break junction" type of sensing behaviors[@b27]. Since traces from HB pencil demonstrated the largest response while 2H pencil traces were nonconductive, the carbon content of the HB pencil traces may coincidentally lie just above the percolation threshold.

To test the reusability of the pencil-based touch sensor, we applied short repetitive deflections at regular intervals. [Figure 4c and 4d](#f4){ref-type="fig"} show the sensor responses to these repetitive strains in both tensile and compressive modes. The device consistently exhibited a spike in resistance when a tensile strain was applied followed by a rapid return to the base resistance when the strain was removed. Similarly, the device exhibited a sharp drop in resistance when a compressive strain was applied followed by a rapid return to the base resistance when the strain was removed. Fully reversible responses were observed after tens of bending cycles.

Traces from flexible pencil as chemiresistors
---------------------------------------------

While regular pencils use inorganic clay materials as binder, some specialty pencils use organic and polymeric binders, such as grease pencils for drawing on hard and smooth surfaces or flexible toy pencils that can bend like rubber without breaking the lead ([Figure 5a](#f5){ref-type="fig"}). Extensive works have been done in chemiresistors based on carbon black/polymer composites, in which the percolated carbon particle network is embedded in a volatile organic compound (VOC) sensitive polymer matrix[@b28][@b29]. Upon exposure to VOCs, the polymer matrix is swollen, resulting in more separated carbon particles in the percolating network and thus increased resistance ([Figure 5e](#f5){ref-type="fig"}). Since the lead of the flexible pencil is essentially a graphite/polymer composite, it should be useful as a facile processing tool that can readily generate thin films of graphite/polymer composites (i.e. pencil traces) that can act as chemiresistors for VOCs. The flexible pencil we used consists of graphite particles embedded in a polyvinyl chloride (PVC)-based matrix. The soft polymer binder makes the cross-sectional surface of the flexible pencil lead smoother ([Figure 5b](#f5){ref-type="fig"}) than that of regular pencil leads ([Figure 1d](#f1){ref-type="fig"}). [Figure 5d](#f5){ref-type="fig"} shows a chemiresistor drawn on paper, consisting of two layers of pencil traces ([Figure 5c](#f5){ref-type="fig"}). The first rectangular shaped layer (10 mm × 16 mm) was drawn from a flexible pencil as the active sensing element, on top of which a set of interdigitated electrodes (finger width around 0.2 mm and finger separation 2 mm) was drawn using a more conductive regular HB pencil to better connect the sensing layer to external contacts such as a pair of alligator clips. The use of interdigitated electrodes was found to decrease the initial resistance of the device, and improve the signal-to-noise ratio of the measured resistance over time.

To test the response of the device upon exposure to various VOCs, we exposed the device to the vapors above six different solvents using a 250 mL flask as a head space chamber. The vapor pressures of the six solvents at room temperature (25°C) are as follows: Acetone 229 torr; methanol 127 torr; ethyl acetate 95 torr; tetrahydrofuran (THF) 162 torr; toluene 28 torr; and hexane 151 torr. Resistance measurements over time were recorded using a Labview program interfaced with a Keithley 2400 source meter. [Figure 6a](#f6){ref-type="fig"} shows normalized resistance changes (R/R~0~) of the chemiresistors upon exposure to the above mentioned 6 VOCs above the solvents. The R/R~0~ values for acetone, methanol, ethyl acetate, THF, toluene, and hexane are 1.83 ± 0.07, 1.62 ± 0.20, 1.85 ± 0.16, 3.91 ± 0.69, 1.58 ± 0.02, 1.23 ± 0.03, respectively. Based on the R/R~0~ value per torr, the sensitivity of the flexible pencil trace to these VOCs decreases from toluene, THF, ethyl acetate, methanol, hexane to acetone, with the relative strength being 7.0, 3.0, 2.44, 1.66, 1.02 to 1.0, respectively. Since toluene is a processing solvent for PVC and acetone is a non-solvent[@b30], this trend is likely following the solubility of PVC in the organic solvents. Therefore, the differential responses can be attributed to different degrees of swelling of the polymer binders caused by the vapors. This is the foundation of fabricating electronic nose type of sensor arrays[@b28]. In control experiments, it was verified that traces drawn by regular graphite/clay pencils showed little to no response upon exposure to chemical vapors. Therefore, the responses were indeed attributed to the polymer binder in the flexible pencil traces. [Figure 6b](#f6){ref-type="fig"} shows the response of a device upon exposure to acetone vapor over 10 cycles. The device was first equilibrated with the vapor for about 10 min and removed to the air before testing. This initial equilibration step leads to smoother baselines and higher signal-to-noise ratio. We found that the device consistently exhibited a rapid increase in resistance upon exposure to the acetone vapor followed by a rapid return to its base resistance when the device was re-exposed to the air. The reversible changes in resistance indicate that the flexible pencil trace can reversibly absorb and desorb acetone vapors. Tests with the other five organic vapors showed similarly reversible responses.

Conclusion and Outlook
======================

In summary, we have demonstrated two types of functional sensing devices, namely strain gauges and chemiresistors made entirely by pencil traces drawn on paper. These devices are easily manufactured through simple mechanical drawing using commodity pencils on paper substrates. Traces from regular pencils can be readily used as stain sensors based on deformation induced changes in resistance through the percolating graphite particle network. The device performances could be improved by optimizing the geometries of the pencil trace patterns, the darkness of the traces and selecting paper substrates with optimized mechanical properties. The pencil drawn strain gauge can differentiate compressive and tensile signals, suggesting potential touch panel applications, in which the strain sensitive resistors could act as pressure-triggered, digital switching devices for signal input. Traces from flexible toy pencils, essentially thin films of graphite/polymer composites, can act as chemiresistors showing reversible responses upon exposure to VOCs. The work present here highlights pencils as easily deployable forms of graphite fine powders embedded in inorganic or organic matrices. Pencil-on-paper devices are very cheap and extremely simple to make. They are disposable and do not generate potentially negative environmental impact during material processing or device fabrication. They are light, flexible, portable and reusable. By nature, pencil traces are quite durable and do not degrade easily. They can be drawn into arbitrary patterns and take on a great variety of form factors. Pencil drawn devices could be useful in resource-limited or emergency situations, and lead to new applications integrating art and electronics such as when combined with origami.

Methods
=======

Pencil-drawn strain gauges
--------------------------

To test the pencil-drawn strain gauge, we drew cantilever-shaped sensors comprised of two rectangular electrodes connected by a U-shaped sensing beam as shown in [Figure 3a](#f3){ref-type="fig"}. The strain sensors were fabricated by cutting office paper (EarthChoice®, 75 g m^−2^) using scissors. Both the electrodes and the sensing segments were hand-drawn using commercially available studio drawing pencils (Blick®). Static bending tests for [Figure 4a and 4b](#f4){ref-type="fig"} were performed by controllable deflection of the U-shaped sensing element. A small glass slide (18 mm × 18 mm, thickness \~ 0.15 mm) was taped to the back of the cantilever support to ensure the deflection is confined to the beam. Repetitive strains were applied by manually tapping the cantilever beam to a deflection of \~25 mm as shown in [Figure 3c and 3d](#f3){ref-type="fig"}. Resistance changes were monitored using a Keithley 2400 source meter connected to the pencil trace by cables with toothless alligator clips.

Flexible pencil-drawn chemiresistors
------------------------------------

The chemiresistor consists of two layers of pencil traces drawn on the paper substrate. The first rectangular layer (10 mm × 16 mm) drawn using a flexible pencil acts as the active sensing element, on top of which a set of interdigitated electrodes (finger width about 0.2 mm and finger separation 2 mm) was drawn using an HB pencil. The use of HB-drawn interdigitated electrodes decreases the initial resistance of the device and increases electrode contact area, making device resistance easier to measure. The device was exposed to different VOC vapors above the corresponding solvents, and the device responses were recorded using a Keithley 4200 Parameter Analyzer.
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![(a) Optical image of a propelling pencil loaded with HB leads, writing on paper substrates. (b) Stereomicrograph of a pencil lead. (c) SEM image of a 2B pencil trace on paper showing that a continuous carbon particle film was deposited on paper. (d) SEM image of a propelling pencil lead.](srep03812-f1){#f1}

![(a) EDS spectra of pencil leads correlating hardness with the fraction of carbon. Intensities of all of the spectra were normalized based on the carbon peak. (b--g) Optical microscopy images of traces drawn on the paper substrates from pencils of decreasing hardness.](srep03812-f2){#f2}

![(a) A photograph showing the U-shaped pencil trace drawn on a paper beam functioning as a strain gauge. (b) Schematic drawing shows that the number of connected graphite particle chains varies depending on the types of deformation. (c--d) Photograph of the gauge deformed by a single finger in compression and tension, respectively.](srep03812-f3){#f3}

![(a--b) Change in normalized resistance vs. deflections for devices drawn with four different types of pencils during compressive and tensile mode of deflections, respectively. (c--d) Repetitive responses under repeated tensile and compressive cycles, respectively.](srep03812-f4){#f4}

![(a) Photograph showing a flexible toy pencil. (b) SEM image of the flexible pencil lead. (c) Schematic diagram showing a bilayer chemiresistor. The first rectangular-shaped layer was drawn with a flexible pencil, acting as the active sensing layer, on top of which a set of interdigitated electrode were drawn with an HB pencil to improve electrical contact during measurements. (d) Photograph of the pencil-drawn chemiresistor, showing the flexibility of the device. (e) Schematic diagram showing how VOC vapor swells the polymer matrix in the active sensing layer of the device and push the graphite particles apart, where the black dots represent graphite particles.](srep03812-f5){#f5}

![(a) Normalized resistance changes of the flexible pencil trace devices upon exposure to six different VOCs above the corresponding solvents. (b) Real-time normalized resistance of the device upon cycles (100 sec exposures to acetone vapor), showing good reversibility.](srep03812-f6){#f6}
